Abstract. We argue the possibility of realization of a polarization-insensitive all-optical switching in a planar metamaterial composed of a 4-fold periodic array of two concentric metal rings placed on a substrate of nonlinear material. It is demonstrated that a switching may be achieved between essentially different values of transmission near the resonant frequency of the high-quality-factor Fano-shape trapped-mode excitation.
Introduction
Optical bistability is an area of modern optics which is evolving rapidly. The great attention to this phenomenon is due to the possibility of its practical application to design optical switches, limiters, transistors and diodes. Typically, in bistable devices, the nonlinear medium is placed inside an optical cavity, just as is done in lasers, but unlike the latter they are passive bistable devices whose operating conditions are easy to control because the light propagation is controlled with light [1] . A classical example of Send offprint requests to: the bistable device is a Fabry-Perot interferometer, filled with a Kerr nonlinear material. In this case, the resonator provides feedback, which is essential to obtain a multivalued intensity at the structure's output. However, in such a system, both relatively strong light power and/or large enough volume of nonlinear optical material are generally needed to achieve a sizeable nonlinear response.
To overcome these drawbacks, photonic crystal microcavities [2] and quantum well structures [3] were proposed to enhance the nonlinear effects as well as to reduce the material volume. With the assistance of surface plasmon polaritons to the effects of confining and enhancing the lo-cal optical field intensity, optical bistability has also been shown numerically in different metal nanostructures such as surface plasmon polaritonic crystals [4] , subwavelength gratings that consisted of infinitely long slits in metal slab [5] , [6] , etc. In all these cases, the excitation of highquality-factor resonances in the systems is provided to obtain efficient switching.
A promising way to produce optical switching in compact devices can be found also in using planar metamaterials. It is known that the planar metamaterials can create an environment equivalent to a resonant cavity. As usual such structures are composed of metallic elements in the form of symmetrical split-ring resonators [7] , [8] . They are resonant because of an internal capacitance and inductance within each element. Most often such structures are investigated in order to obtain a negative refraction index over a finite frequency range, although their nonlinear optical response was also studied [9] - [11] . Unfortunately a considerable disadvantage of such structures in the context of obtaining optical switching consists in their low quality factor.
Nevertheless, exceptionally strong and narrow resonances are possible in planar metamaterials via engaging trapped modes [12] . The quality factor of the system depends on ratio of power of stored energy to power of radiation and dissipation losses. If we suppose infinitesimal dissipation losses in the structure, the trapped modes correspond to real eigenvalues (i.e., real resonant frequencies) of the relevant boundary value problem due to a special geometry of metal elements. In the regime of quasi-trapped mode excitation of an actual structure, the field is strongly localized to the structure plane and resonant transmission and reflection have a large quality factor due to very small radiation of electromagnetic energy in a comparison with stored one.
Typically, metamaterials which can bear trapped modes consist of identical subwavelength metallic inclusions structured in the form of asymmetrically split rings [12] , [13] , split squares [14] , [15] or their complementary pattern [16] , [15] . These elements are arranged periodically and placed on a thin dielectric substrate. In the structure of such kind, the high-quality-factor current oscillations with the lowest total emission losses appear when all currents in the metallic elements of a periodic cell oscillate in antiphase. The characteristic feature of such metamaterials is the dependence of their spectra on the polarization and the angle of incidence of input waves. In [17] , [18] , the polarization insensitive structure configurations also were proposed. One such structure consists of a planar array with a periodic cell element that consists of two concentric rings (doublering (DR) structure).
In the DR-structure, the trapped-modes excitation is exclusively controlled by the difference in circumferences of the inner and outer rings and does not depend on the polarization state of the normally incident electromagnetic radiation. In contrast to the asymmetrically split rings metamaterials, DR-structure is a system, where mutual coupling between elements of neighboring cells is weak and the response of the entire array is practically a direct sum of the DR individual contributions. As a consequence, the electromagnetic response of the DR-metamaterial is weakly dependent on the angle of incidence [19] . Remarkably, at the trapped-mode resonance the electromagnetic energy is confined to a very small region between the rings, where the energy density reaches substantially high values. This makes the response of the metamaterial operating in the trapped-mode regime extremely sensitive to the dielectric properties of the substrate. This feature can be used for enhancing optical nonlinear response in the nanoscaled version of the metamaterial [20] . As, Tl, Bi, P [21] . From the experimental results [22] - [24] , we expect that the Kerr-nonlinear part of the refractive As the excitation field a normally incident plane monochromatic wave of a frequency ω and an amplitude A is selected. We suppose that the intensity of the incident field is enough for the nonlinearity to become apparent, i.e., it is about 1 kW/cm 2 .
In the set of our previous works [12] , [13] , [17] - [20] the method of moments [25] Thus in the present paper we will use the method of moments to calculate the magnitude of the current J along the single ring of the DR element, the reflection r and transmission t coefficients. They can be determined in the form:
Next we suppose that the structure substrate is a Kerr nonlinear dielectric whose permittivity ε depends on the intensity of electric field I in inside it. Under rigorous consideration, the nonlinear permittivity ε of the substrate is inhomogeneous. The permittivity riches its maximum value directly under the metallic pattern and along the rings this permittivity is also different. Nevertheless, as mentioned above, at the trapped-mode resonance, the electromagnetic energy is confined to a very small region between the rings and the crucial influence of the permittivity on the system properties occurs in this place. Therefore, the approximation based on the transmission line Thus, from this model it follows that the electric field strength between the rings is directly proportional to the average current magnitudeJ, and the nonlinear equation on the average current magnitude in the metallic pattern is obtained in the form
The incident field magnitude A is a parameter of equation (2). At a fixed frequency ω, the solution of this equation is the average current value which is dependent on the magnitude of the incident field,J =J(A).
On the basis of the currentJ(A) found by a numerical solution of equation (2), the value of the permittivity of Vladimir R. Tuz, Sergey L. Prosvirnin: All-optical switching in metamaterial with high structural symmetry 5 the nonlinear substrate ε = ε 1 + ε 2 I in (A) is determined and the reflection and transmission coefficients (1) are cal-
as the functions of the frequency and magnitude of the incident field.
It should be noted here that our treatment of nonlinearity in the planar metamaterial differs from the ones considered earlier in [9] - [11] where some effective medium parameters were introduced to obtain the nonlinear double negative materials.
Numerical results
In the case of the nonlinear permittivity of substrate, de- at a certain intensity of the incident field, the transmission coefficient stepwise changes its value from small to large level.
The frequency dependences of the transmission coefficient magnitude also manifests discontinuous switching from small to large level with frequency increasing (Fig. 3) .
This switching appears closely to the resonant frequency of the trapped-mode excitation. The main peculiarity of the observed resonance is that this trapped-mode resonance in DR-structure has the Fano-shape rather than the Lorentzian one, as is the characteristic of Fabry-Perot cavities. The Fano-type resonance appears as a result of the interference between a high-quality resonance and a much smoother, continuum-like spectrum and typically exhibits a sharp asymmetric line shape with the transmission coefficients varying from 0 to 1 over a very narrow frequency range [26] . Such form of resonance is very suitable to obtain great amplitude of switching since there are gently sloping bands of the high reflection and transmission before and after the resonant frequency.
Conclusion
In conclusion, a planar DR nonlinear metamaterial, which bears a high-quality-factor Fano-shape trapped-mode resonance, is promising object for a realization of a polarizationinsensitive all-optical switching. 
